P DGF-B is a dimeric protein composed of two similar but structurally distinct polypeptide chains, denoted A and B, and is expressed by a variety of cell types. [1] [2] [3] [4] [5] In vitro, ECs basally express mRNA for both subunits, with some variability depending on the cell source. Several studies indicate that these subunits are induced in response to a myriad of chemical mediators and physical forces. Recent reports demonstrate that exposure to laminar shear stress induces a 10-fold increase in PDGF-A chain mRNA 6 and a twofold to threefold increase in B chain mRNA expression [7] [8] [9] in both human umbilical vein and bovine aortic ECs. An SSRE was defined using 5Ј deletions of the human PDGF-B promoter coupled to a CAT reporter gene in transient transfection analyses of bovine aortic ECs. This promoter sequence was found to be both necessary and sufficient for increased PDGF-B promoter-dependent expression in cultured ECs exposed to laminar shear stress. 9 ECs in vivo are also subjected to the repetitive distention of the blood vessel wall during the cardiac cycle. It is not clearly known, however, whether ECs exposed to this particular physical force sense and respond in an analogous manner as with exposure to shear stress. The objective of this study was to determine whether exposing cultured ECs to cyclic strain could regulate the expression of PDGF-B.
Methods

Cell Culture
Bovine aortic ECs were obtained by gently scraping the intimal surface of bovine thoracic aorta and were maintained in Dulbecco's modified Eagle's medium/F-12 (1:1) mixture (with 50 mmol/L HEPES buffer, pH 7.2,10 mmol/L glutamine and NaHCO 3 ) supplemented with 10% heat-inactivated calf serum, 5 g/mL deoxycytidine/thymidine, antibiotics (penicillin 100 U/mL, streptomycin 100 g/mL) and amphotericin B (250 ng/mL). Bovine aortic ECs were identified by their typical morphological and chemical characteristics, including growth of closely opposed polygonal confluent monolayers, maintenance of density-dependent inhibition after serial passage, positive indirect immunofluorescence staining for Factor VIII antigen, and the uptake of di-I-acetylated LDL.
Experimental Protocol
The strain unit (Flexcell, Flexercell Corp) consisted of a vacuum manifold with recessed ports and has been described in detail previously. 10 -12 Bovine aortic ECs were cultured on plates with bottoms made of flexible silicone elastomer covered with collagen type I (Flex I, Flexercell Corp). The plates were centered over ports on the vacuum manifold. A vacuum line was connected to regulator solenoid valves that were in turn controlled by a computer with a timer program. Thus, the design of the strain unit allows for changes in amplitude, frequency, and duration of the applied strain for each given experiment.
For these experiments, bovine aortic ECs were seeded onto Flex I stretch plates and grown to confluence. The membranes were subjected to deformation with 37.5 mm Hg or 150 mm Hg of vacuum at a frequency of 60 cycles per minute (0.5 seconds of deformation alternating with 0.5 seconds of relaxation) for up to 24 hours. A vacuum of 150 mm Hg produces a deformation pattern ranging from 0% at the center of the membrane to 24% at the periphery (average strain, 10%). A 37.5-mm Hg vacuum results in a deformation ranging from 0% in the center to a maximum of 10% in the periphery (average strain, 6%). 10, [13] [14] [15] For the sake of simplicity, the two experimental groups are referred to as the 6% and 10% average-strain groups.
The highest strain is found in a region 9.5 mm from the center of a 25-mm-diameter well. Thus, in the SSRE EMSA described below, we took advantage of the heterogeneous strain gradient by using a fence to selectively seed cells either in the central low-strain region of the membrane or in the peripheral high-strain region. 16 -18 The fence was removed after 24 hours and the selectively seeded plates were then subjected to a strain regimen of 150 mm Hg of vacuum at 60 cycles per minute. The cells seeded in the periphery experienced 7% to 24% strain, whereas the cells seeded at the center experienced Ͻ7% strain, with the majority of cells exposed to minimal strain.
Northern Blot Analysis for PDGF-B
Total cytosolic RNA from stationary (control) ECs and from ECs that had been stretched for up to 24 hours was isolated by the guanidinium isothiocyanate method with phenol extractions. 19 RNA (10 to 15 g) was electrophoresed through a 1% agarose/1.1% formaldehyde gel, transferred to a nylon membrane (Zeta Bind, American Bioanalytical), and immobilized by ultraviolet irradiation. Hybridization was then performed with a random-primed, [␣-
32 P]dCTP-labeled, full-length cDNA probe coding for human PDGF-B (detects 3.4 kb mRNA) or human GAPDH (detects 1.2 kb mRNA) as previously described. 9 Autoradiography was carried out for 1 to 3 days using Kodak X-Omat AR-5 and Kodak XRP1 film and intensifying screens. Optical densities of hybridization signals on x-ray films were measured by densitometry (Visage 2000 Gel Analyzer, Bioimage) for quantification of steady state mRNA levels.
Nuclear Runoff Transcription Assays
Nuclear transcription assays were performed, 18 with slight modifications of the procedure described by Greenberg and Ziff. 20 To isolate nuclei, stationary ECs and ECs that had been exposed to 10% average strain for 4 hours were lysed in buffer containing 10 mmol/L Tris-HCl, pH 7.4, 10 mmol/L NaCl, 3 mmol/L MgCl 2 , and 0.5% Nonidet P-40 and the nuclei recovered by centrifugation at 500g for 5 minutes at 4°C. The nuclei were then resuspended at 26°C for 30 minutes in runoff buffer (35% glycerol, 10 mmol/L Tris-HCl, pH 8. 32 P]UTP (3000 Ci/mmol, Amersham). The nuclei were next digested with 10 g DNase 1 (RNase free) at 26°C for 5 minutes followed by incubation with 10 to 20 mg of proteinase K in buffer containing 5% SDS, 50 mmol/L EDTA, and 100 mmol/L Tris-HCl, pH 8.0, for 30 minutes at 37°C. Nascent elongated transcripts of radiolabelled RNA molecules were extracted by the guanidinium isothiocyanate method, precipitated with isopropanol, and dissolved in buffer containing 50 mmol/L Tris-HCl, pH 8.0, 150 mmol/L NaCl, and 1 mmol/L EDTA.
The level of incorporation of radioisotope was quantified in a beta-counter and a volume containing equal counts (for controls and for cells exposed to cyclic strain) was then hybridized over 24 hours at 65°C with membranes onto which linearized and alkaline-denatured PDGF-B and GAPDH probes had been immobilized by a slot-blot apparatus and UV radiation.
The membranes were then washed twice with 2ϫ SSC at room temperature for 15 minutes followed by 1ϫ SSC at 65°C for 15 minutes. Autoradiography was carried out for 1 to 3 days using Kodak X-Omat AR-5 and Kodak XRP1 film and intensifying screens.
Immunohistochemical Staining for PDGF-B
Bovine aortic ECs exposed to 6% and 10% average strain for 24 hours at 60 cycles per minute were stained with the bovine PDGF-B antibody. In brief, cells were first fixed in 1% paraformaldehyde/0.1 mol/L borate buffer, blocked with normal horse serum 1:200, and then the bovine PDGF-B antibody (Isotype IgG2a, 1:2000) was added for 1 hour. Binding of antibody was detected by the avidin-biotin, horseradish-peroxidase method with 0.05% 3,3Ј-diaminobenzidine tetrachloride in 0.05 mol/L Tris as the substrate. Specificity of the staining was assessed by incubating the cells to nonspecific mouse IgG2a or to the biotinylated secondary antibody only.
Transfection Procedures and CAT Assay
The PDGF-B promoter-CAT reporter gene plasmids, and a series of 5Ј-deletion mutants encompassing the regions of interest, have been previously described. 9 A series of SSRE hybrid promoters have also been constructed by subcloning oligonucleotide inserts (the SSRE, GAGACC, or a nonsense sequence, CTCTCA) into the blunt-ended Bgl II site of an SV40-based enhancerless promoter controlling a CAT reporter gene (Promega). 21 In addition, site-directed mutants of the SSRE in the Ϫ153-bp construct had also been prepared by subcloning a polymerase chain reaction fragment bearing a block mutation in the SSRE. 21 Cotransfection of ECs with the PDGF-B gene promoter-CAT gene constructs and a cytomegalovirus promoter lac z gene construct were performed, employing the calcium phosphate precipitation method, incorporating a glycerol shock. 9 Cell viability was maintained throughout the incubation period, and transfected cells showed typical responses to exposure to cyclic strain (eg, shape change and axial alignment with 60 cycles per minute, 24% strain). The transfected cells were cultured on Flex I plates. After exposure to cyclic strain, cells were harvested, and relative changes in CAT activity were quantified by determining the percentage of [
14 C]chloramphenicol converted to its acetylated products by liquid scintillation counting. 22 Transfection efficiency was evaluated by measurement of ␤-galactosidase. 22 Fold induction was calculated as the PDGF-B value divided by the GAPDH value for the different regimens divided by control, static conditions.
EMSA of SSRE in Nuclear Protein Extract of ECs Subjected to Cyclic Strain
Double-stranded oligomers containing three repeating units of GAGACC (SSRE) were end labeled with [ 32 P]ATP by T4 polynucleotide kinase and purified by Sepharose G-50 chromatography spin column twice. Nuclear protein extracts were prepared from 3ϫ10 6 ECs under static conditions or subjected to cyclic strain. [23] [24] [25] The nuclear protein extract was incubated with incubation buffer at 4°C for 15 minutes to minimize nonspecific protein/DNA interactions, and specific competition experiments were performed by adding unlabeled oligonucleotide to the control tubes at the same time. Labeled oligonucleotide was then added and left at room temperature for 20 minutes. The protein/DNA mixtures were applied to a 6% nondenaturing polyacrylamide gel in 0.25ϫ tris-borate buffer (TBE) buffer and subjected to electrophoresis at 12 V/cm for 2 hours. The gel was dried and exposed to XRP film with an intensifying screen at 70°C. Competition studies were performed by adding molar excess quantities of unlabeled oligonucleotide 10 minutes before the addition of radiolabeled oligonucleotide.
Statistical Analysis
Results are presented as meanϮSE. Analysis of variance with post hoc testing or the Student's paired t test were used when appropriate to
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CAT ϭ chloramphenicol acetyltransferase EC ϭ endothelial cell EMSA ϭ electromobility shift assay PDGF-B ϭ platelet-derived growth factor-B SSRE ϭ shear stress response element determine the significance of differences between means (Systat). A value of PϽ.05 was considered significant.
Results
PDGF-B Chain Transcription and Protein Synthesis Are Increased in Cultured ECs Exposed to High But Not Low Cyclic Strain
Laminar shear stress applied to cultured ECs has been shown to increase the expression of PDGF-B. 6-9 Fig 1A shows a typical Northern blot of RNA extracted from ECs subjected to 10% average strain at 60 cycles per minute. Exposure of ECs to cyclic strain for 4 hours increased endogenous PDGF-B transcripts compared with stationary controls. Densitometric analysis of PDGF-B gene expression compared with GAPDH expression showed a PDGF/GAPDH ratio of 2.6Ϯ0.4 (nϭ4, PϽ.01) at 4 hours, which returned to control levels by 24 hours in bovine aortic ECs exposed to strain. To determine whether this increase in PDGF-B gene expression was dependent on the amplitude of strain, ECs were exposed to 6% average strain at 60 cycles per minute for various times. In this model of cyclic strain, the strain pattern across the stretch membrane is inhomogeneous. Cells seeded in the periphery of the membrane experience maximum strain (24% at 150 mm Hg of vacuum deformation), while cells at the very center of the membrane experience minimum strain (0%).
14 To examine whether differential patterns of PDGF-B protein expression occurred in areas of high versus low strain, PDGF-B was localized by immunohistochemical staining. Fig  2 shows that bovine aortic ECs at the periphery of the membrane (7% to 24% strain) showed more intense staining after 8 hours of exposure to cyclic strain compared with bovine aortic ECs at the center of the membrane (0% to 7% strain). High-power magnification reveals perinuclear distribution of punctate PDGF-B staining, which appears to be arranged around intracellular vacuoles. Specificity was confirmed by the lack of staining when bovine aortic ECs were exposed to nonspecific mouse IgG2a and biotinylated secondary antibody (horse anti-mouse, data not shown).
Cyclic Strain Can Directly Influence PDGF-B Transcription
ECs were transfected with a 450-bp fragment of PDGF-B upstream promoter coupled to CAT gene and subjected to 60 cycles per minute, 6% or 10% average strain for 0 (control, stationary), 2, 4, 8, or 24 hours. As seen in Fig 3A, in ECs exposed to 10% average strain, there was a 2.2-fold induction of PDGF-B promoter activity at 4 and 8 hours, which started to decline by 24 hours. In contrast, there was no significant increase in activity in ECs exposed to 6% average strain at any time. The pattern was similar to that previously reported with Figure 1 . PDGF-B expression in ECs exposed to either 10% (A) or 6% (B) average strain at 60 cycles per minute. The top panels are typical Northern blots of ECs, demonstrating PDGF-B expression after 2, 4, 8, 12, or 24 hours of cyclic strain or after exposure to 25 ng/mL phorbol 12-myristate 13-acetate (PMA) for 4 hours. GAPDH is the constitutive control for loading. The graphs represent the average fold induction calculated from the densitometry values. The fold of induction is the PDGF-B value divided by the GAPDH value for the different regimens divided by control, static conditions. See "Methods" for details. Nuclear runoff study (C) demonstrates that PDGF-B transcript levels increased significantly in response to cyclic strain, whereas GAPDH transcript levels were unaffected. Con indicates control. shear stress, 9 although the fold-stimulation signals were not as dramatic.
A series of constructs bearing 5Ј deletions of the PDGF-B promoter was transfected into ECs and subjected to 4 hours of 10% average strain. Comparison of promoter activity indicates that there was a 55% diminution in activity between the Ϫ313 and Ϫ153 position of the promoter and complete lack of strain-induced activity with the Ϫ101 promoter construct (Fig 3B) .
Cyclic Strain Induces Nuclear Proteins That Bind to SSRE
We have previously identified an SSRE necessary for the increased PDGF-B production by ECs in response to fluid shear stress. 9 We performed EMSA using the SSRE oligonucleotide and nuclear extracts from bovine aortic ECs exposed to cyclic strain. As seen in Fig 4A, nuclear proteins binding the SSRE (arrow) were elevated in bovine aortic ECs exposed to cyclic strain for 30 minutes. These kinetics differed from those reported with shear stress, which were sustained for at least 4 hours after the onset of flow. The activation of these binding proteins is specific to ECs, since EMSA of nuclear extracts from cultured bovine aortic smooth muscle cells subjected to the same strain protocol failed to demonstrate SSRE binding (data not shown).
The strain dependence of this response can be seen in Fig  4B, which represents an EMSA using nuclear extracts obtained from ECs grown in the center or periphery of membranes that were deformed with 150 mm Hg vacuum. SSRE binding was detected when extracts from high-strain regions (periphery, 7% to 24% strain) were used, but not from low-strain regions (center, 0% to 7% strain; see Fig 4B) . No SSRE binding was detected using nuclear extracts from ECs in the periphery or center of membranes deformed with 32.5 mm Hg vacuum (0% to 11% strain). SSRE binding was confirmed with cold competition assays (data not shown).
To determine whether the SSRE could mediate the induction of genes in ECs exposed to cyclic strain, the cells were transfected with SSRE-(GAGACC) or non-SSRE-(CTCTCA) containing hybrid promoters and subjected to 4 hours of cyclic strain. Fig 5A shows that there was no significant activation of either promoter. In fact, the non-SSRE hybrid showed a mild induction, which is consistent A, ECs were subjected to either 10% or 6% average strain for 0.5, 4, or 8 hours and the nuclear extracts subjected to EMSA with the SSRE oligonucleotide. The arrow points to the SSRE binding. B, Nuclear extracts from ECs located in the center (C) or periphery (P) of membranes that were deformed with 150 mm Hg vacuum at 60 cycles per minute for 0 (control, cont), 0.5, or 4 hours were subjected to EMSA with the SSRE oligonucleotide. Maximal induction of activity occurred within 30 minutes of exposure to cyclic strain.
with that seen with exposure of the transfected ECs to laminar shear stress. 26 This result demonstrates that the SSRE element is not sufficient to confer cyclic-strain responsiveness. Furthermore, exposure of ECs transfected with the Ϫ153 promoter construct containing a site-directed mutation of the SSRE to cyclic strain resulted in activation of this promoter to the same extent as its wild-type counterpart (Fig 5B) . These findings suggest that the SSRE site is not required for strain-induced PDGF-B promoter-dependent expression.
Discussion
In vivo measurements in patients and animals and in vitro models simulating the major geometric features of blood vessels indicate that there is 5% to 6% wall excursion at peak systole under normal physiological conditions, which can be as high as 10% under hypertensive conditions, [27] [28] [29] thus exposing the endothelial lining to both shear stress and cyclic strain. Studies of cultured ECs exposed to biomechanical forces have shown that endothelial function can be influenced by these forces. We have demonstrated that cyclic strain alters various parameters of EC function, such as the production of vasoactive substances. 16,18,30 -32 In addition, cyclic strain increases EC proliferation and alters endothelial morphology (orientation of the long axis of the cell perpendicular to the axis of the strain) 11, 12, 17, 33 and migration. 34, 35 Likewise, several laboratories have demonstrated that shear stress can also affect EC morphology and their elaboration of vasoactive substances. 6 -8,36 -39 Thus, both cyclic strain and shear stress are capable of regulating EC function in vitro.
Our present studies demonstrate that cyclic strain, like shear stress, can increase PDGF-B gene expression in bovine aortic ECs. Northern blot analysis indicates that cyclic strain enhances endogenous PDGF-B gene expression in ECs in a time-and amplitude-dependent manner (Fig 1A and 1B ). An average strain of 10% induced a rapid and robust increase in PDGF-B gene expression compared with 6% average strain. The differential effect of strain was confirmed by the presence of new PDGF-B transcripts after 4 hours of exposure of ECs to 10% average strain compared with the minimal induction of GAPDH (Fig 1C) . This strain-amplitude dependence was also supported by greater PDGF-B immunostaining on ECs located in the high-strain membrane periphery (7% to 24% strain) relative to ECs attached to the low-strain center region (0% to 7% strain, Fig 2) . Transient transfection analysis with a PDGF-B promoter-reporter construct extending 450 bp upstream of the TATA box are entirely consistent with these findings (Fig 3A) . These results comprise the first observation that cyclic strain regulates the expression of PDGF-B. Our data are complementary to previous reports that shear stress increases PDGF-B gene expression and protein synthesis [6] [7] [8] [9] and are consistent with in vivo investigations showing that PDGF-B levels are increased in areas of altered fluid dynamics. This is also the first demonstration that the amplitude of strain can influence PDGF-B gene and protein expression. Taken together, our studies and the findings of others suggest that PDGF-B production can be regulated by changes in pulsatile flow. Furthermore, strain patterns at bifurcations and branches have been demonstrated by finite analysis. 40 The greatest amount of wall strain appears to be at the toe and heel of a bifurcation. This observation may have clinical implications, as these sites are the most common for the development of atherosclerotic plaques and PDGF-B production is clearly enhanced in these regions. 41, 42 The differential expression of the PDGF-B gene in ECs exposed to varying levels of strain are consistent with previous studies that have demonstrated changes in EC proliferation, 17 tissue plasminogen activator expression, 16 and nitric oxide synthase levels 18, 30 in response to different strain levels. Our results are consistent with the hypothesis that there may be a strain threshold, which is required to activate the intracellular transduction pathways that generate the cell response. However, the mechanism for the regulation of PDGF-B expression by cyclic strain is still unknown. Previous studies in our laboratory have demonstrated that cyclic strain alters the second-messenger metabolic pathways, which may potentially play a role in the regulation of PDGF. For example, cyclic strain leads to activation of adenylate cyclase, 43 thereby increasing intracellular cAMP, which is also accompanied by an increase in protein kinase A activity. We have also reported Figure 5 . Functional significance of the SSRE binding sites in the PDGF-B promoter. A, Hybrid promoters containing the core binding sequence of the SSRE (GAGACC) or an irrelevant sequence (ccctaa) linked to the CAT reporter gene were transfected into ECs that were subjected to cyclic strain for 4 hours. B, A mutant of the PDGF-B promoter fragment containing Ϫ153 bp of the upstream sequence fused to the CAT reporter gene was used and compared with the wild type Ϫ153-and Ϫ313-bp promoter fragment. SSRE-mutant represents a construct with a scrambled substitution of the SSRE sequence. The folds of induction are the reporter CAT activity (normalized for transfection efficiency) in ECs that were subjected to 4 hours of 10% average strain at 60 cycles per minute (strain) compared with those in static (control) cells. The mean of 3 separate experiments is given.
that exposure of ECs to cyclic strain stimulates production of diacylglycerol 44 and activates protein kinase C in a strain amplitude-and frequency-dependent manner. [45] [46] [47] This behavior leads to downstream activation of some but not all of the fos and jun family binding proteins. 48 Activation of these "upstream" mediators in the cytosol is translated to nuclear events by induction of specific nuclear transcription factors. We have previously reported an increase in transcription factors AP-1, CRE, and NF-B by EMSA of nuclear extracts from ECs subjected to cyclic strain. 25 We have now demonstrated by 5Ј deletion analysis (Fig 3B) that strain-inducible PDGF-B promoter-dependent expression is largely mediated by elements located in the region Ϫ313 to Ϫ153. Since the SSRE is located at position Ϫ125, these findings argue against a functional role for this element in the context of strain. Indeed, a heterologous promoter-reporter construct bearing the SSRE fails to respond to cyclic strain ( Fig  5A) . Moreover, mutation of the SSRE in the context of the Ϫ153 PDGF-B promoter-reporter construct fails to abolish strain-inducible gene expression (Fig 5B) . These findings suggest that the SSRE, by itself, does not mediate straininducible PDGF-B expression. Instead, a functional role for elements upstream of the SSRE is implicated. Putative binding sites for Sp-1/Egr-1 and NF-kB are located at bp -21 and -180, respectively, 21, 49 but further studies will need to be performed to determine whether these factors are involved. Nevertheless, the present study clearly suggests that straininducible PDGF-B expression may involve cooperativity between factors interacting with these upstream regions and those binding to the SSRE. This premise is consistent with the complexity of transcriptional control and the convergence and divergence of multiple signaling pathways. In this regard, recent studies by our group have demonstrated the important regulatory effect of NF-B on the SSRE binding site. 21 In conclusion, the present study demonstrates enhanced expression of PDGF-B in ECs exposed to cyclic strain. A minimal reporter sequence located 313 bp upstream of the start site is needed for maximal stimulation. Although induction of an SSRE binding protein has been demonstrated, the binding site at position Ϫ125 does not appear to be necessary for the strain-induced (unlike the shear-induced) activation of this gene. Further studies are needed to delineate the critical strain-induced binding sites in the PDGF-B promoter.
